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Changes in the microstructure of semi-hard cheeses were observed in situ under tensile 26 
deformation by placing a microtensile stage directly under a confocal scanning laser 27 
microscope, and recording force/displacement data simultaneously. On tensile deformation, 28 
detachment of fat globules and their subsequent releas  from the cheese matrix were 29 
observed, suggesting that they are weakly bonded to or entrapped within the cheese matrix. 30 
Moreover, an inherent micro-defect was observed at a curd granule junction within the cheese 31 
matrix, which fractured along the curd granule junction under tensile deformation, suggesting 32 
that such micro-defects could be a key to the formation of undesirable slits or cracks. 33 
Furthermore, the fracture behaviour of semi-hard cheese varied with ripening temperature, 34 
coagulant type, and inhibition of residual chymosin activity. Overall, this study demonstrated 35 
the potential of dynamic in situ imaging of cheese microstructure for developing a greater 36 




1.  Introduction 39 
 40 
Food matrices go through a series of structure formation (e.g., gel formation) and 41 
breakdown (e.g., during mastication) processes during manufacture, storage and 42 
consumption. Understanding these processes from a structural point of view is of growing 43 
interest to researchers and food producers, as manyof the desirable properties/functionalities 44 
of foods are determined by their structure (Lamichhane, Kelly, & Sheehan, 2018a). 45 
To date, considerable success has been achieved in isualisation of food 46 
microstructure at multiple scales by utilising various microscopy techniques (El-Bakry & 47 
Sheehan, 2014; Everett & Auty, 2008, 2017; Ong, Dagastine, Kentish, & Gras, 2011). 48 
Several studies have shown the potential of dynamic in situ imaging of food microstructure 49 
for comprehensive understanding of the physical changes to food structure when subjected to 50 
various conditions relevant to processing, storage or consumption, such as heating/cooling, 51 
shearing, compression and tension. For example, Auty, Fenelon, Guinee, Mullins, and 52 
Mulvihill (1999) studied the milk gelation and chees  melting process using a hot-stage 53 
placed under a confocal scanning laser microscopy (CSLM) instrument. Other studies 54 
investigated the structural and mechanical changes under large-strain deformation of gels, 55 
e.g., whey protein isolate gels, emulsion filled gels, and stirred acid milk gels (Abhyankar, 56 
Mulvihill, & Auty, 2011, 2014; Brink, Langton, Stading, & Hermansson, 2007) and meat 57 
(James & Yang, 2011) using a microtensile stage coupled with CSLM or environmental 58 
scanning electron microscopy (ESEM). Boitte, Hayert, and Michon (2013) visualised the 59 
microstructure of dough under shear (relevant to dough processing condition) using a rheo-60 
optical device. Liu, Stieger, van der Linden, and van de Velde (2015) observed the 61 
microstructure of gels under shear to better understand the role of fat droplet characteristics 62 
on fat-related sensory perception. Geng, van den Berg, Bager, and Ipsen (2011) developed a 63 
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setup for dynamic visualisation of syneresis of cheese curd during mechanical treatment. 64 
Somaratne et al. (2020) investigated the real-time disintegration behaviours of egg white 65 
protein gels using an in situ gastric digestion methodology based on high-resolution time-66 
lapse confocal microscopy. Similarly, Zhang, Jung, Zhang, Muriel Mundo, and McClements 67 
(2019) monitored in situ lipid droplet release patterns from biopolymer microgels under 68 
simulated gastric conditions using magnetic resonance imaging and spectroscopy. 69 
Although a number of studies have monitored the structu e of model food systems or 70 
complete foods, there are no published data on the physical changes to the structure of cheese 71 
under large-strain deformation. Cheese is an inhomogeneous composite material, in which 72 
individual curd granules bind together, and where granule junctions remain between 73 
individual curd granules. Visualisation of cheese microstructure under large-strain 74 
deformation may help to understand sensory perception, flavour and nutrient release, and the 75 
mechanisms of formation of undesirable slits and cracks within the cheese matrix.  76 
From a materials science perspective, cheese can be view d as a two-phase composite 77 
material containing fat globules as a filler in a protein gel matrix (Barden, Osborne, 78 
McMahon, & Foegeding, 2015; Lamichhane et al., 2018a). Studies have shown that the 79 
sensory perception of food is influenced by filler-matrix interactions; e.g., emulsion-filled 80 
gels with unbound fat droplets exhibit stronger fat-related sensory perceptions than bound fat 81 
droplets (Liu et al., 2015; Sala, van de Velde, Cohen Stuart, & van Aken, 2007). 82 
Visualisation of cheese microstructure under large-strain deformation may help to understand 83 
fat-protein interaction within the cheese matrix. Moreover, dynamic in situ imaging may help 84 
to identify weak spots within the cheese matrix which are seeds for the development of 85 
slits/cracks within the cheese matrix. Development of undesirable slits and cracks is a major 86 
problem in the manufacture of Swiss, Dutch and related eye-type cheeses, leading to 87 
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downgrading of the product and lost revenue to manufact rers (Guggisberg et al., 2015; 88 
White, Broadbent, Oberg, & McMahon, 2003). 89 
The breakdown properties of cheese depends on composition, manufacturing 90 
procedures, maturation profile, environmental conditions (e.g., pH, temperature, and solvent 91 
quality/ionic strength), and the presence of defects (such as mechanical holes, slits and 92 
cracks), among other factors (Luyten, 1988; Visser, 1991). Extensive hydrolysis of αS1-casein 93 
has been reported in some semi-hard eye-type cheeses (McGoldrick & Fox, 1999), especially 94 
during the warm-room ripening stage, mainly due to residual chymosin activity. Intact αS1-95 
casein is considered important for maintaining the elastic texture of eye-type cheeses, which 96 
is vital to accommodate gas produced by microorganisms (Daly, McSweeney, & Sheehan, 97 
2010). Previous studies have shown that the substittion of fermentation-produced bovine 98 
chymosin (FPBC) with fermentation-produced camel chymosin (FPCC) reduced the primary 99 
hydrolysis of αS1-casein during ripening in different cheese types (Bansal et al., 2009; 100 
Soodam, Ong, Powell, Kentish, & Gras, 2015). 101 
Although previous studies have investigated the influence of factors, such as 102 
maturation, chymosin-mediated proteolysis, ripening temperature and coagulant types, on 103 
texture and fracture properties of different cheese varieties (Lamichhane, Sharma, Kennedy, 104 
Kelly, & Sheehan, 2019; McCarthy, Wilkinson, & Guinee, 2017; O'Mahony, Lucey, & 105 
McSweeney, 2005; Soodam et al., 2015), there is limited understanding on the influence of 106 
such factors on changes to the microstructure of cheese under large-strain deformation. 107 
The primary objective of this study was to achieve dynamic in situ imaging of cheese 108 
microstructure under tensile deformation. The secondary objective of this study was to 109 
investigate the effect of maturation, ripening temprature, coagulant type and chymosin-110 
mediated proteolysis on changes in microstructure and fracture behaviour of cheeses under 111 
tensile deformation, using a microtensile stage and CSLM. The current study was undertaken 112 
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as an element of a larger study to differentiate the effects of primary proteolysis and calcium 113 
solubilisation on the fracture properties of semi-hard cheese (Lamichhane et al., 2019). 114 
Levels of primary proteolysis, pH, breakdown patterns of caseins, and insoluble calcium 115 
contents of the cheeses analysed in the current study were reported by Lamichhane et al. 116 
(2019). 117 
 118 
2.  Materials and methods 119 
 120 
2.1.  Cheese manufacture 121 
 122 
Four variants of a washed-curd, brine-salted semi-hard cheese, i.e., control cheese, 123 
cheese without warm-room ripening (noWR), cheese made using FPCC as a coagulant (CC), 124 
and cheese containing a chymosin inhibitor, i.e., ppstatin A, which was added to the 125 
curd/whey mixture during cheese manufacture (PepA), were manufactured in three replicate 126 
trials as reported in Lamichhane et al. (2019). Briefly, all cheese milk samples used in this 127 
study were standardised (protein to fat ratio of 1.1: 0) and pasteurised (72 °C for 15 s). 128 
Frozen direct vat inoculation cultures (Chr. Hansen Ltd., Cork, Ireland) were used as a starter 129 
cultures: (i) R-604 (180 mg kg-1 milk), containing Lactococcus lactis sp. cremoris and 130 
Lactococcus lactis sp. lactis and (ii) LH-B02 (9 mg kg-1 milk), containing Lactobacillus 131 
helveticus. For control, noWR and PepA cheeses, FPBC (CHY-MAX Plus, ~200 132 
international milk clotting units (IMCU) mL-1; Chr. Hansen Ltd., Cork, Ireland) was added at 133 
a level of 0.18 mL kg-1 cheese milk, whereas FPCC (CHY-MAX M, ~200 IMCU mL-1; Chr. 134 
Hansen Ltd.) was added at a level of 0.14 mL kg-1 cheese milk for CC cheeses. Curd granules 135 
were washed by removing 35% of whey with subsequent addition of 23% warm (50 °C) 136 
reverse-osmosis water as a percentage of the total milk weight. Curd washing was performed 137 
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to control the pH of the cheeses after manufacture by adjustment of the residual curd lactose 138 
content. Chymosin inhibitor, i.e., pepstatin A, was added at a rate of 10.0 µmol kg-1 cheese 139 
milk into the curd/whey mixture for PepA cheese manuf cture. Whey was drained when the 140 
curd pH reached 6.35, and the curds were collected in o moulds and pressed vertically. After 141 
pressing, each cheese wheel (600 g) was placed in a saturated brine solution for 7.5 h at 8 °C 142 
prior to vacuum packaging (Falcon 52, Original Henklman vacuum system, the 143 
Netherlands). A summary of the experimental plan, including ripening regimens, is shown in 144 
Supplementary material Table S1. 145 
 146 
2.2.  Cheese composition 147 
 148 
Grated cheese samples were analysed in duplicate for content of moisture, fat, protein, 149 
salt, and total calcium and for pH as reported in Lamichhane et al. (2019). 150 
 151 
2.3.  Tensile testing and in situ imaging of cheese microstructure 152 
 153 
A schematic of the experimental set-up for tensile testing is shown in Fig. 1. 154 
Cylindrical samples of diameter 30 mm were removed from each experimental cheese using a 155 
stainless-steel borer. From each cylindrical sample, thin cheese discs (thickness ~4 mm and 156 
diameter 30 mm) were prepared using a 4-mm thick plastic ring and sharp scalpel. Cheese 157 
samples of dimensions 25 mm × 10 mm × 4 mm were remov d from these thin cheese discs, 158 
and a small indentation (~1.5 mm), also called a notch, was made in the centre of each test 159 
piece using a sharp scalpel. The exact thickness of amples was determined afterwards using 160 
a Vernier calliper. The mean thickness of eight representative samples was 4.09 mm, with a 161 
standard deviation of 0.33 mm. The test samples were then clamped between the grips of a 162 
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micro-tensile stage (Deben, UK), equipped with 2 N load cell and motorised gear box. The 163 
gap between the clamps was 10 mm.  164 
Fast Green (protein specific dye; Sigma Aldrich, Cork, Ireland) and Nile Red (fat 165 
specific dye; Sigma Aldrich) of concentration 0.01% (w/v), prepared in deionised water and 166 
in 1,2-propanediol respectively, were mixed in a ratio of 1:3 (Le Tohic et al., 2018). The 167 
prepared dye (10 µL) was poured on the cheese samples and a cover slip (diameter = 9 mm, 168 
VWR International Limited, Dublin, Ireland) was gently placed on the clamped test samples 169 
to avoid the entrapment of air bubbles. The micro-tensile stage was placed directly under the 170 
CSLM (Leica Microsystems). Five minutes after dye addition, the test samples were 171 
elongated at a constant tensile speed of 2 mm min-1 and images of cheese microstructure were 172 
simultaneously taken using air objectives of magnification of 5× or 10× (zoom factor 2 or 3). 173 
Protein and fat phases in the cheese samples were visualised by exciting the Fast Green 174 
(using a helium-neon laser) and Nile Red (using an Argon laser) dyes, respectively, as 175 
described by Abhyankar et al. (2014). Load and displacement data of the test samples were 176 
recorded every 500 ms, which were then converted to true stress (σ; Equation 1) and Hencky 177 
strain (εH; Equation 2) (Abhyankar et al., 2011): 178 
0
0
( )F L L
A L
σ × + ∆=
×







 + ∆=  
 
                (2)  180 
where F is the extensional force, A is original cross sectional area of the sample, L0  is 181 
original length of the sample and ∆L is change in length of sample.  182 
The crack length of test samples during tensile deformation was measured as 183 
described by Abhyankar et al. (2011), using the Leica Application Suit X software (Leica 184 
Microsystems, Baden-Württemberg, Germany). Crack length was defined as the 185 
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perpendicular distance between the tip of an artificial notch (at time zero) and the tip of the 186 
new fracture surface (at time t) during tensile deformation. Young’s modulus was calculated 187 
from the slope of the initial linear region of stress-strain curve (Bast et al., 2015). Fracture 188 
stress and fracture strain values of cheese samples wer  determined from the inflection point 189 
of the stress-strain curve. At least four samples, from two independent replicate trials, of each 190 
cheese were tested on the microtensile unit to determin  the effect of maturation and 191 
treatment on the structural breakdown behaviour of experimental cheeses. All measurements 192 
were conducted at room temperature (~20 °C). 193 
 194 
2.4.  Statistical analysis 195 
 196 
Statistical analyses of the data were performed using S gmaPlot version 14 (Systat 197 
Software, Inc., San Jose, CA, USA). The effect of maturation and treatment on cheese 198 
fracture parameters was determined performing one way ANOVA followed by post hoc 199 
Tukey tests (Granato, de Araújo Calado, & Jarvis, 2014). Before ANOVA evaluation, data 200 
were checked for normality and homoschedasticity by performing Shapiro–Wilk and Brown–201 
Forsythe tests, respectively. When these assumptions were not verified, appropriate non-202 
parametric and post hoc tests were applied (Granato et al., 2014). The level of significance 203 
was set at P ≤ 0.05. 204 
 205 
3.  Results and discussion 206 
 207 




The compositional parameters of the cheeses analysed her  were described in detail 210 
by Lamichhane et al. (2019) and in Supplementary material Table S2. The cheeses had a 211 
composition typical of that of Maasdam-type cheese (Lamichhane, Kelly, & Sheehan, 2018b; 212 
Lamichhane et al., 2018c; Panthi et al., 2019). Treatm nt had no significant effect (P < 0.05) 213 
on mean levels of moisture, moisture-in non-fat substance, protein, fat, fat-in-dry matter, salt, 214 
salt-in-moisture, total calcium and pH (at 1 d of ripening) of the cheeses. 215 
 216 
3.2.  Effect of maturation on structural breakdown behaviour of cheese 217 
 218 
To determine the effect of maturation on structural b eakdown behaviour of cheese, 219 
control cheese samples at 20 d (before warm-room ripening), 48 d (after warm-room 220 
ripening) and 90 d of ripening were tested on the microtensile unit. 221 
Representative stress-strain relationships of control cheese samples after 20 d, 48 d 222 
and 90 d of ripening are shown in Fig. 2a. The stres -strain relationships of cheese samples 223 
before warm-room ripening (20 d) were found to be different compared with those of cheese 224 
samples after warm-room ripening (48 d and 90 d) (Fig. 2a). A number of parameters can be 225 
determined from the stress-strain curve, such as Young’s modulus, fracture stress and fracture 226 
strain. Young’s modulus measures the stiffness of the material; a higher value of Young’s 227 
modulus corresponds to a higher material stiffness (Vandenberghe, Choucharina, De 228 
Ketelaere, De Baerdemaeker, & Claes, 2014). Fracture stress measures the rigidity of the 229 
material whereas the fracture strain measures the brittleness or shortness of the material 230 
(Lamichhane et al., 2019; Sharma, Munro, Dessev, Wiles, & Foegeding, 2018). Young’s 231 
modulus (Fig 2b), fracture stress and fracture strain (Fig. 2c) values were significantly higher 232 
(P < 0.05) for cheeses before warm-room ripening thanafter warm-room ripening. 233 
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Changes to the microstructure of cheeses before warm-room ripening (20 d) and after 234 
warm-room ripening (48 d) were similar under tensile deformation (micrographs not shown), 235 
i.e., widening of the notch, stretching of the protein network near the leading point of notch 236 
and propagation of notch. However, the stress profile during notch propagation was different 237 
between cheeses before warm-room ripening and after warm-room ripening, which can be 238 
visualised by plotting stress versus crack length (a perpendicular distance between the tip of 239 
an artificial notch and the tip of the new fracture surface during tensile deformation as 240 
measured from the CSLM time-series micrographs). Such an approach has previously been 241 
applied to study the breakdown behaviour of different kinds of gels, such as whey protein, 242 
mixed biopolymer or emulsion-filled gels (Abhyankar et al., 2011; Brink et al., 2007; 243 
Öhgren, Langton, & Hermansson, 2004). 244 
Representative profiles of stress versus crack length for cheese samples at 20 d, 48 d 245 
and 90 d of ripening are shown in Fig. 2d; similar trends were observed in all replicate trials. 246 
For cheese samples at 48 d or 90 d of ripening, true stress increased gradually until the cheese 247 
sample started to fracture from the notch tip (Fig. 2d). Once the cheese started to fracture 248 
from the notch tip, the stress required to further br ak down cheese samples remained 249 
constant (Fig. 2d). However, the stress required to break down cheese at 20 d of ripening 250 
continued to increase even after the cheese sample start d to fracture from the leading point 251 
of the notch; stress continued to rise until the crack length of cheese reached ~4 mm (Fig. 252 
2d). This suggests that, as expected, the young semi-hard cheeses can resist fracture to a 253 
greater extent compared with mature cheeses. 254 
Overall, semi-hard cheese structure becomes weak, brittle and less stiff (as indicated 255 
by lower fracture stress, fracture strain and Young’s modulus values) during maturation, 256 
especially during warm-room (23 °C) ripening, which s attributed to age-related structural 257 
changes on the cheese matrix, such as proteolysis and partial solubilisation of colloidal 258 
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calcium (O'Mahony et al., 2005). During ripening, intact caseins (which are responsible for 259 
network formation) are hydrolysed by proteolytic enzymes into small and medium-sized 260 
peptides. Moreover, the calcium associated with the casein (which enhances the cross-linking 261 
of casein within the cheese matrix) solubilises partially during ripening (O'Mahony et al., 262 
2005). The level of insoluble calcium of the cheeses of the current study decreased 263 
significantly whereas the level of primary proteolysis increased, especially during warm-264 
room ripening (Lamichhane et al., 2019). 265 
 266 
3.3.  Effect of treatment on structural breakdown behaviour of cheese 267 
 268 
The effect of three different treatments, i.e., (i) warm-room ripening, (ii) chymosin-269 
mediated proteolysis, and (iii) coagulant type, on structural breakdown behaviour of the semi-270 
hard cheeses at 48 d of ripening was studied. Typical true stress and Hencky strain 271 
relationships for each experimental cheese types are hown in Fig. 3a. The CC, noWR and 272 
PepA cheeses showed similar stress-strain relationships. However, the stress-strain 273 
relationships for control cheeses were different from the other cheeses. Moreover, the fracture 274 
parameters obtained from the stress-strain curve was found to be significantly different 275 
between experimental cheese variants; Young’s modulus (Fig. 3b) and fracture stress (Fig. 276 
3c) values of CC, noWR and PepA cheeses were significa tly (P < 0.05) higher than the 277 
control cheese at 48 d of ripening. No significant effect of treatment on fracture strain value 278 
was observed, although noWR cheeses expected to have significantly higher fracture strain 279 
value as compared with other experimental cheese type (Lamichhane et al., 2019).  280 
Although changes to the microstructure of experimental cheeses variants at 48 d of 281 
ripening were observed to be similar under tensile deformation (micrographs not shown), 282 
stress profile as a function of crack length was found to be different between these cheeses 283 
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(Fig. 3d). Stress increased until the control cheese sample started to fracture from the notch 284 
tip during tensile deformation, followed by a levelling off in the stress with further increases 285 
in the crack length (Fig. 3d). 286 
However, for CC, noWR and PepA cheeses, the stress required for breakdown of 287 
cheese samples continued to increase until the crack length reached ~2 mm (Fig. 3d). 288 
Fracture may occur once the stress exceeds the cohesive strength of the material (Foegeding 289 
et al., 2011). This suggests that the cohesive strength of the CC, noWR and PepA cheeses is 290 
higher as compared with the control cheeses. The different fracture behaviour of the control 291 
cheeses compared with the noWR cheeses is attributed to mperature-induced biochemical 292 
changes, mainly proteolysis, in the cheese matrix (Soodam, Ong, Powell, Kentish, & Gras, 293 
2017), as noWR cheeses were not subjected to warm-roo  ipening. 294 
The different fracture behaviour of the control and CC cheeses at 48 d of ripening was 295 
attributed to the different proteolytic activities of residual coagulants; FPBC was used as a 296 
coagulant in control cheeses, whereas in CC cheeses FPCC was used. Studies have reported 297 
that the proteolytic activity of FPCC was much lower as compared with FPBC (Kappeler et 298 
al., 2006). The extent of primary proteolysis has been found to be lower in different cheese 299 
types made with FPCC than in cheeses made with FPBC, such as Cheddar (Bansal et al., 300 
2009; McCarthy et al., 2017), Mozzarella (Moynihan et al., 2014), and Italian soft cheese 301 
(Alinovi et al., 2018). In the current study, substitution of FPBC with FPCC as coagulant 302 
reduced the primary proteolysis of cheese during ripening (Lamichhane et al., 2019). 303 
The different fracture behaviour of PepA cheeses as compared with control cheeses is 304 
attributed to the inhibition of residual chymosin activity (O'Mahony et al., 2005; Shakeel-Ur-305 
Rehman, Feeney, McSweeney, & Fox, 1998) in the former cheeses where a chymosin 306 
inhibitor, i.e., pepstatin A, was added to the curd/whey mixture. This suggests that the 307 
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activity of residual chymosin may have an important influence on the fracture behaviour of 308 
semi-hard cheese. 309 
 310 
3.4.  Dynamic visualisation of cheese microstructures under tensile deformation 311 
 312 
Changes to the microstructures of cheese during tensile deformation were obtained 313 
using CSLM. Widening of the notch (Fig. 4a), stretching of the protein network (in the 314 
direction of tensile force) near the notch tip (Fig. 4b,c) and initiation of fracture from the 315 
leading point of notch (Fig. 4d) were all observed prior to propagation (i.e., rapid growth of 316 
fracture surface) of a notch (Fig. 4e,f) during tensile deformation (Supplementary material 317 
Time-lapse video 1), in all experimental cheeses, rga dless of maturation level or applied 318 
treatment. Stretching of the protein network near the notch tip is due to stress concentration 319 
(Luyten, 1988). 320 
Moreover, on tensile deformation, both small (5–7 µm) and large (15 µm) fat 321 
globules/pools (Fig. 4c, inset) near the notch tip ap eared disconnected from the stretched 322 
protein networks (Fig. 4c), suggesting that the fat globules/pools within the semi-hard cheese 323 
matrix were unbound to the protein matrix or weakly held (entrapped) within the protein 324 
matrix. Furthermore, fracture propagated through protein network in all cheeses leaving fat 325 
globules/pools intact. Abhyankar et al. (2014) also reported a similar observation in a 326 
particulate gel, i.e., whey-protein-emulsion-filled gels prepared at pH 5.4. If the fat globules 327 
were attached to the protein matrix, the fracture would be more likely to propagate through 328 
the fat globules as well (Abhyankar et al., 2014). 329 
Selected CSLM micrographs taken during tensile deformation of cheese samples are 330 
shown in Fig. 5. The time-series micrographs and Supplementary material Time-lapse video 331 
2 clearly show release of fat from the cheese matrix. The fat pool within the circle (Fig. 5a–c) 332 
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is the same fat pool observed at different time points during tensile deformation. Utilising 333 
image analysis, the diameter of the fat pool within e circle (Fig. 5a), was found to be ~20 334 
µm, which is higher than the average diameter of native milk fat globules i.e., 4 µm (Lopez, 335 
2005), suggesting that the fat pool is either coalesced fat (resulting from fusion of individual 336 
fat globules) or non-globular fat (Lopez, Camier, & Gassi, 2007). Cheese manufacture steps, 337 
such as cooking and pressing, can cause aggregation, coalescence and disruption of fat 338 
globules, with the formation of non-globular fat or free fat (Lopez et al., 2007). Release of fat 339 
from the protein matrix was not only observed at the initial stages of notch propagation but 340 
was also observed at the advanced stages of notch propagation. Furthermore, the release of 341 
fat from the cheese matrix was observed at all stage  of ripening (micrographs not shown). 342 
These results suggest that the applied technique is suitable for understanding fat-protein 343 
interactions within semi-hard cheese matrix. 344 
From a materials science perspective, cheese can be view d as a 2-phase composite 345 
material containing fat globules as a filler in a protein gel matrix (Barden et al., 2015; 346 
Lamichhane et al., 2018a). The sensory perception of foods is largely determined by 347 
properties of the filler, the extent of filler-matrix interactions, distribution of the filler, and 348 
characteristics of the gel matrix (Lamichhane et al., 2018a). A better understanding of 349 
interactions between the protein matrix and fat globu es is desirable to understand the release 350 
patterns of fat globules in the mouth during mastiction, which in turn will influence texture 351 
and potentially flavour perception. Studies have shown that emulsion-filled gels with 352 
unbound fat droplets exhibit stronger fat-related snsory perceptions than bound fat droplets 353 
(Liu et al., 2015; Sala et al., 2007). 354 
To better understand the fracture behaviour at a macroscopic level, changes in cheese 355 
structure were also observed at low magnification during tensile deformation. The fracture 356 
initiated from the leading point of notch and then propagated in an irregular zig-zag manner, 357 
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probably due to the inhomogeneous nature of the chese matrix. Similar fracture behaviour 358 
has previously been reported in whey-protein-emulsion-filled gels prepared at pH 5.4 359 
(Abhyankar et al., 2014) and β-lactoglobulin gel (Öhgren et al., 2004). Although very little 360 
has been published regarding fracture behaviour of food materials, inhomogeneous protein-361 
based food materials, such as meat, are likely to show a similar irregular fracture behaviour 362 
(James & Yang, 2011). 363 
It is possible to observe, in real time, whether th fracture goes through individual 364 
curd granule or along curd granule junctions by observing cheese microstructure at low 365 
magnification. The density of the protein network at the curd granule junction (Fig. 6, short 366 
arrow) is higher compared with the interior of curd g anules, due to leaching of the fat from 367 
the curd granule surface to whey during cheese manufacture. Selected CSLM micrographs 368 
(Fig. 6) taken during tensile deformation clearly show the fracturing of a cheese sample 369 
partly along a curd granule junction (Supplementary material Time-lapse video 3). This 370 
suggests the presence of localised weak zones alongthe curd granule junctions within the 371 
cheese matrix, which is probably due to the strength and types of bond formed between the 372 
networks of curd granules. 373 
An inherent micro-defect (~32 µm; Fig. 7a) located at a curd granule junction was 374 
observed within the cheese matrix. During tensile deformation, the cheese sample not only 375 
fractured from the artificial notch but also fractured from the inherent defect located at this 376 
curd granule junction (Fig. 7b–e), and finally both cracks merged together (Fig. 7f) 377 
(Supplementary material Time-lapse video 4). Interestingly, the inherent defect fractured 378 
along the curd granule junction. This suggests that defect within the semi-hard cheese matrix 379 
is most likely to be present at the curd granule junction, in agreement with previous reports 380 
(Huc, Moulin, Mariette, & Michon, 2013; Huc et al., 2014). Moreover, defects at curd 381 
granule junctions tend to fracture along curd granule junction under deformation. This leads 382 
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us to hypothesise that the presence of micro-cracks within the cheese matrix could be 383 
precursors to splits and cracks observed in some eye-type cheeses; micro-cracks may grow 384 
gradually during ripening due to the stress exerted by the gas produced by micro-organisms, 385 
especially during warm-room ripening, when diffusion f gas at nuclei may create a tensile 386 
force within the cheese matrix. 387 
Other studies have also observed micro-cracks (sizeranging from 50 to 200 µm) in 388 
eye-type cheeses (Huc et al., 2013, 2014). The actual reasons for occurrence of inherent 389 
defects (micro-cracks) within the cheese matrix are not yet fully understood. However, 390 
entrapment of whey pockets, air bubbles or free fat between curd granules are considered as 391 
possible reasons, which may inhibit the formation of bonds between the network of curd 392 
granules (Akkerman, Walstra, & Van Dijk, 1989; Luyten & Van Vliet, 1996). It may also be 393 
possible that temperature variations between cheese curd granules during pressing and 394 
localised differences in composition and pH within the cheese matrix (Burdikova et al., 2015) 395 
could be contributory factors. 396 
 397 
4.  Conclusions 398 
 399 
This study successfully achieved dynamic visualisation of semi-hard cheese 400 
microstructure under large-strain tensile deformation. On deformation, the fat globules/pools 401 
were detached from the protein network and subsequently r leased, confirming that the fat 402 
globules within semi-hard cheese matrix are not bonded to the protein matrix but rather 403 
weakly held/entrapped within the protein matrix. More ver, the cheese matrix fractured (at 404 
least in part) along curd granule junctions, suggesting the presence of localised weak spots 405 
along the curd granule junctions within the cheese matrix. Inherent micro-defects were 406 
observed within the cheese matrix, and these defects are most likely to be present at the curd 407 
18 
 
granule junction. It is proposed that these micro-defects could be a key underlying factor in 408 
the formation of undesirable slits or cracks.  409 
During fracturing, stress profiles of experimental cheeses varied with the levels of 410 
maturation, ripening temperature, coagulant type or residual chymosin activity, suggesting 411 
that the fracture behaviour of semi-hard cheese can be modulated by changing maturation 412 
levels, ripening temperature, using a different coagul nt type, or inhibiting the residual 413 
chymosin activity. Overall, this study demonstrated the applicability of dynamic in situ 414 
imaging of cheese microstructure to better understand f t-protein interactions as well as 415 
predicting weak zones within a cheese matrix. Such structural information is particularly 416 
relevant for understanding sensory perception, as well as mechanisms of formation of 417 
undesirable slits and cracks within the cheese matrix. Furthermore, the approach used in this 418 
study could be applied to establish a greater understanding of structure-fracture relationships 419 
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Figure legends 1 
 2 
Fig. 1. Schematic of experimental set-up for microtensile testing, showing sample preparation 3 
and accessories related to microtensile testing. 4 
 5 
Fig. 2. Effect of maturation on the fracture behaviour of c ntrol cheese: (a) representative 6 
profile of true stress and Hencky strain relationship  (        , 20 d;         , 48 d;        , 90 d); (b) 7 
box plots showing the Young’s modulus of cheese samples as a function of maturation time; 8 
boxes not sharing common letters differ (P < 0.05), n = 2; (c) fracture stress and strain profile 9 
for cheese at () 20 d, () 48 d and () 90 d of ripening; error bars represent standard 10 
errors of means, n = 2; (d) representative stress profile as a function of crack length; the black 11 
arrow in the graph indicates the starting point of fracture for cheese after () 20 d of 12 
ripening, while the grey arrow indicates the starting point of fracture for cheese after () 48 13 
d or () 90 d of ripening. 14 
 15 
Fig. 3. Effect of treatment on fracture behaviour of semi-hard cheese at 48 d of ripening; 16 
experimental cheese variants were Control (control cheeses), noWR (cheeses without warm-17 
room ripening), CC (cheeses made from fermentation-pr duced camel chymosin as a 18 
coagulant), and PepA (cheeses containing chymosin inh bitor, i.e., pepstatin A): (a) 19 
representative profile of true stress and Hencky strain relationships (         , Control;            ,20 
noWR;             , CC;            , PepA); (b) box plot showing the Young’s modulus of 21 
experimental cheese variants; boxes not sharing common letters differ (P < 0.05), n = 2; (c) 22 
fracture stress and strain profile for () Control, () noWR, () CC and () PepA, error 23 
bars represent standard errors of means, n = 2; (d)representative stress profile as a function 24 
of crack length, the black arrow in the graph indicates the starting point of fracture for () 25 
noWR, () CC and () PepA, whereas the grey arrow in the graph indicates the starting 26 
point of fracture for () Control. 27 
 28 
Fig. 4. Selected confocal scanning laser microscopy (CSLM) micrographs of cheese obtained 29 
during tensile deformation of a notched sample, illustrating: (a) opening of the notch, (b–c) 30 
stretching of the protein network near the notch tip and (d–f) fracturing from notch tip. The 31 
arrow in micrograph (a) shows the artificial notch ip. Inset in micrograph (c) clearly shows 32 
the detachment of both small (5–7 µm) and large (15 µm) fat globules/pools from the protein 33 
network, suggesting that fat globules/pools are weakly held or entrapped within the semi-hard 34 
cheese matrix. The protein phase appears red while the fat phase appears green. Arrows 35 
beside the micrographs indicate the direction of tensil  deformation. 36 
 37 
Fig. 5. Selected confocal scanning laser microscopy micrographs of cheese (90 d of ripening) 38 
during tensile deformation of a notched sample, illustrating release of fat globules from the 39 
cheese matrix. The fat globule within the circle represents the same globule at different time 40 
points during tensile deformation. The protein phase ppears red while the fat phase appears 41 
green. Arrows beside the micrographs indicate the direction of tensile deformation. 42 
 43 
Fig. 6. Sequence of confocal scanning laser microscopy images of cheese obtained during 44 
tensile deformation of a notched cheese sample after 20 d of ripening, illustrating the growth 45 
of a crack partly along a curd granule junction. Long and short arrows show the crack tip and 46 
curd granule junction respectively. The protein phase ppears red while the fat phase appears 47 
green. Arrows beside the micrographs indicate the direction of tensile deformation. 48 
 49 
Fig. 7. Sequence of confocal scanning laser microscopy images of cheese taken during tensile 50 
deformation of a notched cheese sample after 90 d of ripening, illustrating the fracture 51 
behaviour in the presence of an inherent defect at a curd granule junction. The circle, in the 52 
micrograph and in the inset (a), shows the inherent d fect (~32 µm) at a curd granule junction 53 
and the arrow shows the curd granule junction. Both the inherent defect and the notch (b–e) 54 
grew gradually and (f) merged during tensile deformation. The protein phase appears red 55 
while the fat phase appears green. Arrows beside the micrographs indicate the direction of 56 
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